With global climate change ongoing, there is growing concern about future living conditions in urban areas. This contribution presents the modelled spatial distribution of two daytime (summer days, hot days), and two night-time (warm nights and tropical nights) summer climate indices in the recent and future climate of the urban environment of Brno, Czech Republic, within the framework of local climate zones (LCZs). The thermodynamic MUKLIMO_3 model combined with the CUBOID method is used for spatial modelling. Climate indices are calculated from measurements over three periods (1961-1990, 1971-2000 and 1981-2010). The EURO-CORDEX database for two periods (2021-2050 and 2071-2100) and three representative concentration pathway (RCP) scenarios (2.6, 4.5 and 8.5) are employed to indicate future climate. The results show that the values of summer climate indices will significantly increase in the twenty-first century. In all LCZs, the increase per RCP 8.5 scenario is substantially more pronounced than scenarios per RCP 2.6 and 4.5. Our results indicate that a higher absolute increment in the number of hot days, warm nights and tropical nights is to be expected in already warmer, densely populated midrise and/or compact developments (LCZs 2, 3 and 5) in contrast to a substantially lower increment for forested areas (LCZ A). Considering the projected growth of summer climate indices and the profound differences that exist between LCZs, this study draws urgent attention to the importance of urban planning that works towards moderating the increasing heat stress in central European cities.
Introduction
Global mean surface temperature in the upcoming period of 2016-2035 is expected to be 0.3-0.7°C higher than in the 1986-2005 period. Further, in the period of 2081-2100, the temperature increase may be in the range of 0.3-1.7°C, perhaps as high as 2.6-4.8°C depending on the RCP under consideration (IPCC 2014a) .
Rising temperatures will influence most natural ecosystems and human society, with potentially severe impacts worldwide (IPCC 2014a) . The high level of attention currently being paid to the impact of climate change on urban areas is thoroughly legitimate (Gill et al. 2007; Hunt and Watkiss 2011; IPCC 2014a) . Numerous studies have reported that increased heat load in urban areas might substantially harm public health (Patz et al. 2005; Haines et al. 2006; Ebi 2011) or even increase mortality rates (Kovats and Hajat 2008; Zanobetti et al. 2012) . Such negative consequences of climate change in urban areas may be mitigated by appropriate adaptation measures (Hunt and Watkiss 2011; Müller et al. 2013; IPCC 2014b) . Growing awareness of the problem among administrative authorities has resulted in increasing demand for urban climate studies-particularly those facilitating reliable projections through urban climate modelling. Local-scale modelling of future urban climate (Früh et al. 2011; Skarbit and Gál 2016) and/or simulations of the effectiveness of adaptation measures in "whatif" scenarios (Müller et al. 2013 ; Žuvela-Aloise 2017) therefore constitute the main thrust of current urban climate research.
One of the most comprehensive approaches to estimating the impact of climate change on the urban environment may be found in computational fluid dynamics (CFD) models, predominately based on the Reynolds-averaged Navier-Stokes (RANS) equations. Früh et al. (2011) adopted a trilinear interpolation method (known as the CUBOID method, see Sect. 3.3) for MUKLIMO_3 to simulate the alteration of mean annual number of summer days in Frankfurt (Germany) for the 2021-2050 period. These results were further extended and possible changes in three climate indices ("summer days", "hot days" and "beer-garden days") were presented for different types of urban development in Frankfurt (Früh et al. 2011) . Bokwa et al. (2015) have presented the preliminary results of a study in which MUKLIMO_3 simulations are used for modelling the impact of climate change on increases in heat load in central European cities. Later, Skarbit and Gál (2016) used the same approach to predict changes in the frequency of warm nights and tropical nights in Szeged (Hungary) during the twenty-first century for various RCP scenarios and local climate zones (LCZs). Further, Žuvela-Aloise et al. (2016) used MUKLIMO_3 simulations to evaluate the cooling efficiency of green and blue infrastructure in reducing urban heat load, using a set of idealised case simulations and the real city model of Vienna (Austria), and later Žuvela- Aloise et al. (2018) employed MUKLIMO_3 to model reduction of heat load by modifying the surface properties of roofs. MUKLIMO_3 simulations were also used to demonstrate that residential areas with deprived socio-economic conditions may exhibit exacerbated heat load in a hypothetical city (Žuvela-Aloise 2017). The study in hand completes an extended employment of MUKLUMO_3 to simulate the responses of different LCZs to projected climate change in central Europe to anticipated climate change, using the city of Brno (Czech Republic) as a specific example.
This study uses MUKLIMO 3 simulations with the aim of investigating possible changes in the spatial distribution of summer climate indices (SCIs) summer days (T max ≥ 25°C, Zhang et al. 2011) , hot days (T max ≥ 30°C, Früh et al. 2011) , warm nights (T min ≥ 17°C, Skarbit and Gál 2016) and tropical nights (T min ≥ 20°C, Früh et al. 2011; Zhang et al. 2011 ) in a mediumsized central European city (Brno, Czech Republic) . Model simulations for recent climate are compared with measured values, while future climate projections are performed for various RCP scenarios. Further, the spatial distribution of these SCIs is described within the framework of local climate zones (LCZs). LCZs consist of areas of uniform surface cover structure, material and human activity, covering spaces measured over a range of hundreds of meters to several kilometres; they were designed to be generic (Stewart and Oke 2012) . Therefore, employment of the LCZ scheme facilitates easy and methodically coherent comparison of simulation results with other cities, as well having the potential to provide important information for urban planners and architects involved in future projections of urban climate beyond the scale of the city.
The main aims of the paper are twofold: (i) to demonstrate whether the numerical model is able to simulate recent urban climate, comparing model outputs with real measurements; and (ii) to quantify possible changes in summer urban climate from the mid-twenty-first century to its closing years. Differences in the recent and future urban climate summer indices are discussed within the framework of the LCZ concept.
Study area
The city of Brno is situated in the south-eastern part of the Czech Republic. Brno (49.21 N, 16 .61 E), the second-largest city in the country (population 401,000, cadastral area 230 km 2 ). It lies in a basin position with complex terrain (see Appendix 1). Altitudes range from 190 m in the southern part to 479 m in the northern part, mean elevation 259 m (Dobrovolný et al. 2012) . The conurbation has grown in concentric zones in response to the historical stages of its development-a clearly defined historical core (predominately LCZ 2 -Compact midrise), followed by residential buildings (LCZ 5 -Open midrise with patches of LCZ 4 -Open highrise) both old and new, industrial areas (LCZ 10 -Heavy industry), housing estates (LCZ 6 -Open low-rise and 9 -Sparsely built-up), modern shopping centres, malls and warehousing areas (LCZ 8 -Large low-rise with patches of LCZ E -Bare rock or paved). Neighbourhoods with irregular, as well as regular (grid and radial grid), street plans are present. To the south, the landscapes beyond the city boundaries consist of flat land of a predominantly agricultural character with low plants (LCZ D -Low plants), patches of orchards (LCZ B -Scattered trees), shrubs (LCZ C -Bush, scrub) and mixed forests (LCZ A -Dense trees). On the elevated hilly areas to the north and west, dense mixed forest (LCZ A) prevails. The landscape mosaic has been disturbed in several places by surface mines (LCZ E -Bare rock or paved). LCZ G -Water is notable in the form of the city reservoir to northwest of the compact city Fig. 1) .
Brno and its surroundings are among the warmest and the driest regions in the Czech Republic. Mean annual temperature stands at 9.1°C (1961-2000 reference period). The annual temperature regime is characterised by a single maximum (July being the warmest month, with a mean temperature of 19.3°C), with a single minimum (the coldest month is January, with a mean temperature of 1.9°C). Mean annual precipitation is 505 mm (1961 -2000 Dobrovolný et al. 2012) .
Data and methods

Meteorological and EURO-CORDEX data
Brno-Tuřany (TURA, WMO ID 11723) was used as the reference station for this study. It is situated where the background climate is not influenced by the UHI effect (LCZ D).
The TURA station anchored the initial conditions for modelling based on 30-year daily datasets (1961-1990, 1971-2000 and 1981-2010) for simulations. Input data for the model were daily mean (T avg ), minimum (T min ) and maximum (T max ) air temperature in°C , relative humidity (r H ) in %, wind speed (v) in ms −1 and wind directions at 07:00, 14:00 and 21:00 UTC.
The data from two stations operated by the Czech hydro-meteorological institute (CHMI) were used for model output validation: Troubsko (TROU) and Žabovřesky (ZABO). TROU is located in a suburban area (at a boundary between LCZ 6 and B), and daily air temperature measurements were available for the 1981-2010 period. ZABO consists of a built-up area (LCZ 5) with a strong UHI influence (Dobrovolný et al. 2012) ; its daily temperature measurements cover the 1987-2010 period. Daily minimum (T min ) and maximum (T max ) air temperature in°C were used in the validation process. EURO-CORDEX model simulations for the 2021-2050 and 2071-2100 periods with bias corrections for the meteorological parameters of air temperature, relative humidity, wind speed and direction were employed to address future conditions (Jacob et al. 2014) . The spatial resolution of the simulations was 0.11°(approximately 12 km). Altogether, an ensemble of 15 simulations (five global climate models and three regional climate models) provided the meteorological variables necessary for the CUBOID approach (see Sect. 3.3). These include one simulation for RCP 2.6 and simulations for RCP 4.5 and 8.5, both of which are based on averaging seven individual simulations for each scenario. As the aim of this study is not comparison between RCP 4.5, and RCP 8.5 scenarios, averages of all seven 4.5 scenarios and corresponding averages of all seven 8.5 scenarios were employed. 
MUKLIMO_3
The urban climate model simulations were performed with the numerical model known as MUKLIMO_3 (Mikroskaliges Urbanes KLImaMOdell in 3-Dimensionen). MUKLIMO_3 is a non-hydrostatic micro-scale model designed to simulate atmospheric flow fields in the presence of buildings (Sievers and Zdunskowski 1985; Sievers 1995) . The thermodynamic version of the model includes prognostic equations for air temperature and humidity: The parameterization of unresolved buildings uses the porous media approach (Gross 1989 ); short-wave and long-wave radiation; balanced heat and moisture budgets in the soil (Sievers et al. 1983) ; and a vegetation model based on Siebert et al. (1992) . The model considers the friction effects of building surfaces and turbulence generation arising out of airflow separation. Turbulent fluxes of heat, moisture and momentum are calculated by a first-order closure scheme (Sievers 1995) . The numerical method for the calculation of short-wave irradiances at ground level, from the walls and the roofs of buildings in an environment of unresolved built-up nature, is described in Sievers and Früh (2012) . The storage of heat within the urban fabric is simulated by calculation of the molecular heat fluxes from the outer wall surfaces into the urban fabric (or vice versa), which depend upon the temperature gradient across the walls of the buildings and the predefined values of the heat transfer coefficient and the heat capacity of the walls (Früh et al. 2011) . The model considers the effects of cloud cover on radiation. However, it does not include cloud processes, precipitation, horizontal runoff or anthropogenic heat.
The initial conditions for the simulation are established by a 1D profile from a reference background meteorological station and start 24 h before the 3D model. Interactions between the atmosphere and vegetation are simulated by a three-layer vegetation model, those between the soil and the atmosphere by a 15-layer soil model. The vertical resolution of the model varies from 10 to 100 m (grid resolution is finer towards the ground), while the horizontal resolution is 100 m. The "land use/land cover" (LULC) and digital elevation model (DEM) were therefore prepared for 100 × 100-m cells as inputs for the model (for more details see or Žuvela-Aloise et al. 2014 . SRTM1 DEM was used as input data for MUKLIMO_3 (NASA JPL 2017) .
The concept of LCZs was applied for delineation of LULC category. LCZs are used for meso-to local scale modelling of urban climate as they capture important morphological characteristics (Brousse et al. 2016; Ren et al. 2017; Hammerberg et al. 2018; Verdonck et al. 2018) . Local climate zones were calculated using a GIS-based approach, previously presented by . This is based on the measurable physical properties of the environment and a clearly defined decision-making algorithm. The algorithm derives from the basic physical parameters of the environment: building surface fraction (BSF), pervious surface fraction (PSF), impervious surface fraction (ISF), height of roughness elements (HRE) and number of buildings (NoB) on a 100 × 100 grid-scale. For further subclassification of the cells associated with land cover types of LCZ (A-G), the algorithm uses information from the ZABAGED vector geodatabase (ČÚZK 2017) . Using data from ZABAGED guarantees the highest available accuracy of classification (see for more details). At the end of the classification process, a two-stage majority filter was applied to define local climate zones. Thus, each cell is classified within an appropriate LCZ. Each particular LCZ delineated as described above was further characterised by averaged parameters of physical properties of the environment necessary for simulations (see Appendix 2).
The CUBOID method
The CUBOID method (Früh et al. 2011 ) was applied in order to enable MUKLIMO_3 to calculate selected climate indices. CUBOID is a dynamic-statistical downscaling technique that provides the spatial pattern of climate indices over a 30-year period. The benefit of this approach lies in its reduction of the computations by using a tri-linear interpolation scheme. The concept of the CUBOID method is shown in Appendix 3. The method assumes that the urban heat load can occur within a specific combination of meteorological parameters and may be characterised by three of them: air temperature (T), relative humidity (r H ) and wind speed (v). These parameters constitute the dimensions of the CUBOID, while the limits of favourable situations occupy its corners. In the MUKLIMO_3 model, these corners were simulated by the prevailing wind directions: north-west and south-east in the case of Brno.
The simulations consist largely of the CUBOID corners (see Appendix 3). Calculation of the mean annual number of SCIs for 30-year climatic periods is based on maximum/minimum air temperature fields derived by a tri-linear interpolation between the eight single-day simulations, using daily meteorological data from the reference station as input. The relationship of characteristic days and the parameter set (T, r H , v) was tested via the data collected from the three urban observation stations in Brno. The ranges for the CUBOID axes are defined in Appendix 4.
Analyses of spatiotemporal distributions of summer climate indices
Based on the model simulations, SCI fields at 100-m spatial resolution were generated for each investigated period and RCP scenario. The data obtained were subsequently compared to the 1961-1990 reference period. The concept of LCZs was then used again, here to obtain intelligible spatial units for statistical analyses of spatiotemporal distribution and changes in SCIs. Each cell with LCZ information was matched with information about the values of SCIs generated by the model for all the simulated periods and scenarios. The values of SCIs within LCZs were further compared in box-plots.
Results
Measurements and model performance
Evaluation of the model's ability to simulate air temperature conditions in Brno area was performed by comparing the mean annual numbers of SCIs derived by the model with those observed at the TURA reference station (LCZ D) during the periods 1961-1990, 1971-2000 and 1981-2010 . To account for the inhomogeneous environment and possible LULC mismatches in the model, the modelling data are evaluated both at the nearest neighbouring grid point, at the representative LULC and as the mean with a 3 × 3 grid matrix as its centre (Table 1) .
Based on measurement records, the values of SCIs exhibit an increasing trend throughout all these periods (see Fig. 2 (Table 1 and Fig. 2 ). 1961-1990, 1971-2000 and 1981-2010 periods The numbers of summer days, hot days, warm nights and tropical nights increased throughout the second half of the twentieth century. The model also indicates substantial changes in the spatial distribution of the indices (see Appendixes 5-8). For instance, in the warmest parts of Brno, the model predicts on average up to 12.2 hot days annually in the 1961-1990 reference period, whereas there were already more than 17.4 hot days in the 1981-2010 period (see Appendix 5). It is particularly illustrative that in the elevated forested areas (west and northwest of Brno), where hot days were rare (1.0) in the 1961-1990 period, there were on average more than 3.7 hot days per year in the 1981-2010 period. More informative results about the spatial distribution and recent growth of SCIs will become accessible with delineation of the areas into LCZs as described below.
Summer climate indices for the
The variability in numbers of summer days, hot days, warm nights and tropical nights in LCZs (Fig. 3) suggests that most of the LCZs may be considered as indicator-influencing values relevant to SCIs. A substantial number of outliers appears only in LCZs 5, 8 and A; however, these classes are the most frequently delineated and contain thousands of cells. Particularly in the case of LCZ 5, a different morphological pattern of mid-rise building generates temperature variability (functionalist blocks with courtyard × modern mid-rise apartment). The variability in LCZ A may arise partly out of altitude differences in the northern and north-western parts of the research area. In the most recent period , the highest mean annual numbers of summer days and hot days appeared in compact and/or midrise development LCZ 2 (67.1 summer days, resp. 17.4 hot days), LCZ 10 (65.8, resp. 17.1), LCZ 3 (66.2, resp. 17.4) and LCZ 5 (63.8, resp. 16.1). In contrast, the lowest numbers of summer and hot days were described for LCZ A (27.3, resp. 3.7). Considering only the built-up types of LCZ, the lowest numbers of summer days and hot days were found in sparsely built-up LCZ 9 (48.6, resp. 10.5), where the figures were only slightly higher than those in parks LCZ B (42.7, resp. 8.1; see Appendix 9).
Turning to night-time indices (see Appendix 10), the highest mean annual numbers of tropical nights and warm nights were generally observed in LCZ 2 (1.1, resp. 13.4), followed by LCZ 10 (1.0, resp. 12.8), LCZ 3 (0.9, resp. 12.5) and LCZ 5 (0.9, resp. 12.0). In contrast, low values for tropical nights and warm nights were described in LCZs of land cover types LCZ A (0.4, resp. 8.0), LCZ D (0.6, resp. 9.7), LCZ B and C (0.6, resp. 10.0).
Comparing the reference period ) and the most recent period , the increment of summer days lays within a range of 5.2 (LCZ 2) to 8.6 days (LCZ G). The increase of summer days was generally higher for land cover types of LCZ. The increment in numbers of hot days was in the range of 2.7 days in LCZ A to 6.4 days in LCZ 6. In contrast to the summer days, the increment of hot days was generally higher for built-up LCZs (see Appendix 9). The increment of the mean annual number of warm nights was highest in LCZ G (3.7 nights) followed by LCZs with high proportions of built-up and impervious surfaces-LCZs 2, 3, 5 and 10 (3.2 nights). The lowest increment was observed for forested areas-LCZ A (2.4 nights) (see Appendix 10). Similarly, for tropical nights, the highest increment was recorded for densely builtup LCZ 2 (0.5 nights), with the lowest for forested areas-LCZ A (0.2). For the period of 2021-2050, the model projections anticipate further growth in SCIs. The differences between RCP scenarios are not great for this period (see Appendixes 5-10). In LCZ 2, the hottest, the model for this period, within the mid-range RCP 4.5 scenario, predicts mean annual numbers of 79.0 summer days, 28.6 hot days, 17.6 warm nights and 1.9 tropical nights, whereas for LCZ A, the coolest, the model anticipates a mean annual number of 37.4 summer days, 6.6 hot days, 11.0 warm nights and 0.8 tropical nights (see Appendixes 9-10). The differences between RCP scenarios appear in Fig. 3 . The most noticeable change between the reference period ) and the period analysed (2021-2050) is expected in an extension of areas with higher numbers of summer days and hot days beyond the city centre (see Appendixes 5-6 and images D-F for the various RCP scenarios).
Specifically, within the mid-range RCP 4.5 scenario for the 2021-2050 period, the model predicts a growth in the annual average numbers of summer days within the range of 17.1 days (LCZ 2 and 3) to 18.7 days (LCZs 4 and 9), and growth in the annual average number of hot days within the range of 5.4 days (LCZ A) to 16.4 days (LCZ 2) compared with the 1961-1990 reference period. Similarly, the growth in numbers of warm nights is expected to be higher for built-up LCZs (LCZ 2-7.4 nights) and lower for land cover types (LCZ A -5.4 nights). For tropical nights, the expected increment is in the range of 0.6 nights (LCZ A) to 1.3 nights (LCZ 2). Overall, increments in numbers of hot days, warm nights and tropical nights are expected to be generally higher for LCZs with higher proportions of built-up and impervious surfaces and lower for LCZs with higher proportions of pervious surface fraction-particularly those with high vegetation. Consequently, the differences in numbers of SCIs among LCZs remain largely substantial and even increase in absolute numbers for hot days, warm nights and tropical nights.
Scenarios of summer climate indices for the 2071-2100 period
Further considerable increases in the values of SCIs are expected for the 2071-2100 period. Substantial differences in SCIs between particular RCP scenarios are already assumed for this period. Within the mid-range RCP 4.5 scenario, a further increase of SCIs corresponds with trends in the second half of the twentieth century and projections for the first half of the twenty-first century. However, within the RCP 8.5 scenario, a sharp increase of SCIs is projected, which is alarming (see Appendixes 5-10). On the other hand, within the RCP 2.6 scenario, the values of SCIs might even decrease in comparison with the 2021-2050 period (see Appendixes 5-10). For the mid-range scenario RCP 4.5, the model assumes mean annual numbers of 83.8 summer days, 38.6 hot days, 20.8 warm nights and 2.7 tropical nights in LCZ 2, the hottest, and mean annual numbers of 43.2 summer days, 11.9 hot days, 14.1 warm nights and 1.3 tropical nights in LCZ A, the coolest.
The numbers of SCIs presented herein mean that, in comparison with the reference period , within the mid-range RCP 4.6 scenario for the 2071-2100 period, the growth in numbers of summer days is expected to lie in a range of 21.9 days in LCZ 2 to 24.3 days (LCZs B and D); the growth in numbers of hot days in a range of 10.9 days in LCZ A to 26.4 days in LCZ 2. The growth in numbers of warm nights is expected to be in a range of 8.5 nights in LCZ A to 10.6 nights in LCZ 2, and the growth in numbers of tropical nights in a range of 1.1 nights in LCZ A to 2.1 nights in LCZ 2. As a result, the increments of hot days, warm nights and tropical nights are expected to be higher for densely built-up LCZs than for LCZs with high proportions of pervious surfaces, especially with high vegetation. These differences were particularly pronounced for hot days. Finally, as is the case for simulations for the 2021-2050 period, for 2071-2010, the differences in numbers of SCIs among LCZs remain mostly substantial and, for hot days, warm nights and tropical nights even increased in absolute numbers.
Discussion and conclusions
The results of this study demonstrate that spatial variability of SCIs is influenced by LULC and urban form-here expressed by local climate zones (LCZs)-to a substantial extent. In all the periods examined, the highest numbers of summer and hot days were expected in midrise and/ or compact development (LCZ 2, 3 and 5), whereas the lowest numbers were described for forested areas (LCZ A). For tropical nights and warm nights, the highest values were expected for compact midrise development (LCZ 2) followed by compact low-rise development (LCZ 3) and industrial areas (LCZ 10), whereas the lowest values were described for forested areas (LCZ A) and open areas with low plants (LCZ D). It must be emphasised here that LCZ 1 were not involved in the analyses as currently is not present in Brno and Prague. These findings tally generally with empirically confirmed temperature differences among LCZs in Brno Lehnert et al. 2018) as well as in other cities (Stewart et al. 2014; Lelovics et al. 2016; Leconte et al. 2017) . When interpreting the results, one must also be aware that recent studies have pointed out that the temperature characteristics of any given LCZ may be influenced by its internal structure (e.g. pattern of housing), position within (or beyond) the city (Fenner et al. 2014; Leconte et al. 2015; Lehnert et al. 2018) or microclimatic effects (Tsin et al. 2016; Skarbit et al. 2017) .
The results herein further indicate that the values of SCIs in all LCZs in Brno have been increasing from the sixth decade of the twentieth century towards the first decade of twentyfirst century. This rise will be substantial even for the low-emission RCP 2.6 scenario. The projected extent of increase of SCIs in Brno corresponds with the results of previous studies at regional and national levels (e.g. Štěpánek et al. 2016; Lhotka et al. 2018) as well with studies from other central European cities (e.g. Bokwa et al. 2015; Skalák et al. 2015; Skarbit and Gál 2016) . Our analyses, however, further indicate that increases of SCIs have not been, and will not be, the same for all the different LCZs.
For summer days, the model anticipates slightly higher increments for LCZs with higher proportions of open areas covered by pervious surfaces (particularly LCZs 9, B, C and D). Nevertheless, post-processing analyses have disclosed that this arose, in particular, out of the fact that there had been several days when the temperature did not fall significantly below the threshold value of 25°C in those LCZs, whereas in other LCZs, the threshold value had already been reached. More importantly, for hot days, hot nights and tropical nights, a higher increment for generally warmer, densely built-up LCZs 2 and 3 is expected. The higher increment for these LCZs may be explained in terms of larger 3D surface area heat load potential. Nevertheless, the lower increment of hot days and tropical nights in forested areas Fig. 3 Number of summer days a), hot days b), warm nights c) and tropical nights d) in selected built-up and land cover types of LCZ: The line within the box indicates the median. The bottom of the box is the first quartile, and the top is the third quartile. Whiskers represent the lowest value still within 1.5 IQR (IQR = third quartile − first quartile) and the highest value still within 1.5 IQR. Black crosses indicate outliers (LCZ A) is worthy of more detailed work in further research. Those phenomena that substantially mitigate any increase of SCIs require particular focus. It must also be noted that the areas of LCZ A are located in higher positions in Brno and its surroundings, and therefore, the effect of relief should be considered. The effect of relief on urban climate in particular LCZs will be addressed by this team in subsequent research.
When interpreting the results, it is essential to remain aware of the limitations of the model simulations performed, which may be simply intrinsic to the nature of the model used. MUKLIMO_3 is based on time-averaged equations of motion for fluid flow (RANS). Definition of a considerable number of parameters is required for equation solving; further, diverse types of flow are needed to set up the various constants. This implies that the model output changes very slowly in the course of a single run, or is constant (Sievers and Zdunkowski 1986) . A different approach at local scales (100-300 m of spatial resolution) may be applied by using large-eddy simulations (LES) from the PALM model (Letzel et al. 2008; Resler et al. 2017 ).
Despite the above limitations, the model performed comparatively well in comparison with measured data. The tendency of the MUKLIMO_3 model to underestimate diurnal temperatures slightly and overestimate nocturnal temperatures has recently been pointed out by , Elzafarany et al. (2017) and Kielar et al. (2017) . This tendency provides a good explanation of some of the differences between measured and model SCIs at the TURA and ZABO stations. However, relatively larger differences between measured and modelled data in the case of the ZABO station can be explained only in terms of the specific location of the station close to the forested area, to which the model assigned a stronger cooling effect. Following from that, it is evident that the location of the station used for validation, especially for built-up LCZs (see e.g. the results of Quanz et al. 2018) , may also falsely affect the validation although the model simulation results are relevant at a local scale. Data from more stations in each LCZ, with daily air temperature measurements for a 30-year period, are required, at the least, for robust validation. More stations within LCZs have previously been used for validation on a sample of several summer days (Bokwa et al. 2015; Skarbit and Gál 2016) ; however, these data are, to date, practically unavailable for 30-year periods from any central European city at all. Therefore, validation of the meteorological fields provided by a high-resolution model remains difficult due to sparse and irregularly spaced observations, especially where long-term measurements are concerned. This highlights the importance of sustaining recently established urban monitoring networks in the region (e.g. Lelovics et al. 2014; Unger et al. 2014 ).
In conclusion, when interpreting these results, it must be borne in mind that small-grid-scale modelling of future urban climate is a demanding task in which a degree of scientific uncertainty is intrinsic. Our simulations nevertheless clearly indicate that LULC and urban morphology substantially influence not only current spatiotemporal variability but also the scale of further increases in SCIs. At the same time, these results, like those of other studies in the region, show that values of SCIs will rise even in the event of the low RCP 2.6 emission scenario. Taken together, these might have serious consequences in terms of the vulnerability of cities and raise concerns about adaptation measures. This contribution focused on the response of different LCZs to projected climate change, and in the interests of simplification, we presumed that LULC and urban form have remained the same throughout the twenty-first century (the LCZ layer employed was delineated and validated for 2016). Nevertheless, it has already been demonstrated that sustainable urban planning, including well-designed adaptation measures, might substantially reduce increased temperatures in urban areas-the urban heat island (e.g. Alexandri and Jones 2008; Hong et al. 2015; Žuvela-Aloise et al. 2016; Yahia et al. 2018; Žuvela-Aloise et al. 2018) . At the same time, Žuvela-Aloise (2017) have already demonstrated that areas with deprived socio-economic conditions may exhibit exacerbated heat load. Thus, the socio-economic status of an area might translate to physical properties of the environment (e.g. greenery, isolation effect of buildings materials) and substantially influence adaptive capacity of the neighbourhood. Hence, advances in interdisciplinary modelling of future urban climate, including various LULC, socio-economic development and adaptation strategy scenarios, will be particularly important to research planning (e.g. Ng 2009; Masson et al. 2014) .
